Elastomeric materials are widely used for dynamic sealing elements. Seals for automotive applications are mostly made from ethylene propylene diene (EPDM) rubber compounds. Under frictional loading, this material's relatively high coefficient of friction leads to increased wear, so a surface coating is a useful means of extending the life of EPDM components.
INtRoductIoN
EPDM elastomers are commonly used for sealing applications, even in situations where there is relative frictional movement between the rubber and the surface it is in contact with. Some of the material properties of EPDM are disadvantageous in such cases. EPDM has a very high coefficient of friction in comparison to other synthetic rubbers, and this leads to increased wear and abrasion in dynamic operation [1] . The generally poor tribological properties have to be taken into consideration when designing components, and additional process steps in the manufacture of EPDM sealing elements are essential. Automotive window channel seals, window gutter seals and windscreen wiper blades are particularly prone to wear. In the case of EPDM window seals the coefficient of friction is reduced by flocking the sealing lip or by applying a lubricating coating.
An innovation from the field of micro powder additives designed to improve tribological properties can be used as an alternative to these labour-intensive processes. Adding polytetrafluoroethylene (PTFE) to the EPDM compound provides a way of lowering the elastomer's coefficient of friction and thus potentially also reducing abrasive wear.
The PTFE micro powders used for this purpose are modified by radiation chemistry to produce particle sizes of less than 10 µm and functional groups that provide a chemical coupling with the rubber matrix. This coupling should prevent the PTFE particles from being rubbed out of the rubber matrix. The particle size and the specific surface areas of the particles can be adjusted by varying the irradiation dose during production of the PTFE micro powder.
PtFE MIcRo PowdERs IN PERoxIdE-cuREd EPdM
Experiments aimed at optimising the tribological properties of an elastomer based on EPDM rubber by means of PTFE micro powder additives have already been undertaken at the Institute of Polymer Research (IPF) in Dresden.
The work by the IPF has concentrated on experiments with peroxide-cured EPDM rubber [2] . The analyses were based on L100X micro powder from Solvay Solexis S.p.A., Bollate, Italy, mixed with EPDM rubber. The PTFE powder had an agglomerate size of 1.8 to 4 µm. The primary particle size was approximately 200 nm. The specific surface area was 5 to 10 m 2 /G.
The rubber compound was prepared without carbon black or plasticisers, and the influence of the PTFE micro powder on the mechanical and physical material properties was analysed with varying amounts of PTFE.
The influence of added PTFE micro powder on coefficient of friction and wear, the central focus of the IPF's research, was assessed using a ball-on-disc tribometer, in which a steel ball is rubbed over a specimen on a disc. The measurement results showed that regardless of the irradiation dose applied to the PTFE micro powder, the coefficient of friction was reduced by over 50% with a PTFE loading of 50 phr. A PTFE loading of just 10 phr was sufficient to reduce the frictional force by 35% [3] .
RubbER coMPouNd aNd PRocEss EquIPMENt usEd at thE INstItutE oF PlastIcs PRocEssING (IKV)
The compound recipe that was used is a recipe for highly filled sealing compounds for extruded EPDM profiles, which is widely used in industry. The composition of the compound with a sulfur-based curing system is based on a commercial production compound which is suitable for use as automotive door or window seals. This means that any possible improvements resulting from the PTFE can easily be implemented directly in industrial applications. Therefore the compound provides a good basis for the PTFE experiments and is referred to below as the "application compound". The composition of the application compound is shown in Table 1 .
In order to be able to assess the influence of PTFE on EPDM rubber compounds containing no carbon black and oil, in line with the experiments conducted by the IPF, we also carried out tests on a compound that was free from carbon black and oil ( Table 1 ).
The rubber that was used comprised two grades of EPDM, 6850 and 8450, from Lanxess Deutschland GmbH, Leverkusen. The blend of the two grades had an average ethylidene norbornene content (ENB content) of 6.2%. These diene monomers contain unsaturated olefinic double bonds and are essential to the potential binding reaction with the PTFE polymer [4] .
The tribological properties of the EPDM elastomers were optimised by adding PTFE micro powder to the basic compound. PTFE is an unbranched, linear thermoplastic polymer [5] . The carbon main chain in the polymer is sheathed by fluorine atoms. This creates a steric protection, which is responsible for the unique tribological properties of this substance. The frictional force of PTFE rubbing against PTFE is as low as that of melted ice against ice [5, 6] .
One PTFE product that is available is the free-flowing micro powder Zonyl MP1100 from DuPont AG, Geneva, Switzerland, which is already in commercial use and has excellent dispersion properties in rubber [2, 7, 8] . Unlike other available PTFE micro powders, which are less readily incorporated into rubber, the low-molecularweight Zonyl MP1100 has weak self-adhesion and a low tendency to agglomerate. For those reasons this PTFE product was used for all the experiments.
Zonyl MP1100 micro powder is very expensive, so to limit its use the compounds for the mechanical and tribological tests were mixed in a 70 cm 3 B50 laboratory mixer from Brabender GmbH & Co. KG, Duisburg.
INFluENcEs oF PtFE oN MEchaNIcal PRoPERtIEs
Tensile tests to establish the mechanical properties as a function of PTFE content were performed in accordance with ISO 527-1 at a testing speed of 200 mm/min. The elongation of the specimens was measured using a camera-based optical strain recorder. Five specimens of each rubber compound were tested to breaking point.
Short-term tensile tests with carbon black-and oil-filled elastomers
The results of the tensile tests with the application compound filled with carbon black and oil are shown in Figure 1 . The reference compound without PTFE breaks at an average tensile stress of 9.8 MPa.
With a PTFE content of 4 phr the achievable tensile strength increases slightly and then falls again as the PTFE content rises. A marked fall-off in the value can be seen at 20 phr PTFE. The specimens break at a tensile stress that is 21% below the reference level.
At the highest tested PTFE content of 40 phr another slight improvement in tensile strength can be seen. Low PTFE contents have little influence on the elongation values of the application compound. The slightly lower maximum elongation values are within the range of statistical variation. The greatest fall-off is seen with the 20 phr application compound, with an average of only 616% maximum elongation, well below the reference level of 850% elongation.
Short-term tensile tests with carbon black-and oil-free elastomers
The behaviour of the carbon black-and oil-free compound in the tensile tests is quite different from that observed with the application compound ( Figure 2) . The reference compound breaks very early, at just 2.6 MPa, as would be expected (no carbon black reinforcement). Adding just 20 phr PTFE to the specimen increases the maximum tensile stress slightly to 2.8 MPa. A marked increase is achieved with a content of 40 phr: the maximum tensile stress is 3.5 MPa, 63% higher than the starting level. An 80 phr content increases this by a further 32% or so.
The measurement results for the corresponding maximum elongation values are also shown in Figure 2 on the secondary axis. The carbon black-and oil-free rubber compound only starts to exhibit signs of a negative influence on maximum elongation at a PTFE content of 80 phr or more. Additions of up to 40 phr cause no reduction in the values.
Interim conclusion on the influence of PTFE on mechanical properties
Based on our findings to date, adding small amounts of PTFE micro powder (less than 10 phr) is not detrimental.
The substantial deterioration in ultimate elongation and tensile stress values at higher contents can be attributed to a reduced carbon black reinforcement. We note that possible PTFE-filler interactions are offset or are at least no longer so apparent due to the falling proportion of carbon black and oil as the PTFE content rises. This is explained by the fact that the content of the active filler carbon black has a dominating influence on the mechanical properties, as a result of which the PTFE influences are less pronounced.
Reducing the proportion of carbon black (increasing the PTFE content necessarily reduces the carbon black content) has such a decisive impact on the mechanical values that the cause of the changes can no longer be attributed solely to the variation in the PTFE/filler content. This finding has also been replicated in experiments with PTFE in NBR rubber [7] .
A possible coupling reaction [4] of the PTFE micro powder (which is capable of forming chemical couplings) is indicated in practice by an improved abrasion resistance. However, a comparison between the application compound and the carbon black-and oil-free compound shows that the reinforcing effect of the PTFE additive is weaker than that of the carbon black filler. 
INFluENcEs oF PtFE oN tRIboloGIcal PRoPERtIEs
The tribological properties were determined using two different test setups. Owing to the low hardness of the EPDM application compound (approximately 57 Shore A), a pinon-disc tribometer from Freudenberg Forschungsdienste KG, Weinheim, Germany, was used to determine the wear properties. To measure the coefficient of friction the IKV used a system based on DIN 14882, in which a steel carriage rubs the flat elastomer specimen across the other friction surface. Using a carriage to measure the frictional force allows the elastomer to be tested without destroying it. Figure 3 shows the coefficients of friction measured in friction tests against a ground VA steel surface for elastomers made from the application compound as a function of PTFE content. The reduction in the coefficient of friction due to the addition of the Zonyl MP1100 micro powder is discernible. A reduction of up to approximately 10% can be measured. Figure 4 shows the results of friction tests on steel with the carbon black-and oil-free test compounds. The results show that the reduction in the coefficient of friction due to the PTFE particles can be up to 60%. This maximum reduction is achieved with a content of 60 phr micro powder.
Measuring frictional force with a carriage

Measuring wear with a pin-on-disc tribometer
The wear behaviour of the PTFE compounds can be measured using a pin-on-disc tribometer and compared with a PTFE-free reference compound ( Figure 5 ). It should be borne in mind that any general conclusions on wear rates must take account of the rubber/steel mixed friction that occurs here. Given the time-consuming nature of this test method, the main focus of attention in the tribological tests was on the filled rubber compound similar to that used in industry. The results show a marked increase in wear rates as the PTFE content rises. The level of destruction in the material containing PTFE is much higher than in the reference compound. The wear rate does not begin to fall again until the PTFE content reaches 40 phr.
Interim conclusion on the influence of PTFE on tribological properties
Comparing the application compound with the carbon black-and oil-free compound shows that the fillers carbon black and oil have a considerable influence on the compounds' coefficients of friction. One reason for this could be the differing plasticiser concentration on the surfaces of the specimens. The paraffinic plasticiser oil cannot be fully bound into the matrix. Local saturations in the material resulting from vulcanisation in the press (225 bar) can cause the oil to swell [8] . The presence of the PTFE micro powder may reduce the amount of oil that can be dissolved in the rubber polymer. As a consequence, the increased oil lubrication as the PTFE content rises may be responsible for part of the reduction in the frictional force. It can be deduced from this that the high proportion of paraffinic oil in the application compound may likewise reduce the frictional forces. Adding PTFE micro powder reduces the proportion of oil and carbon black in the compound, and hence the influence of the PTFE on the coefficient of friction is less apparent.
The proportion of the elastomer made up by the rubber polymer is also critical. This is evident from a comparison between the coefficients of friction of the application compound without PTFE and the carbon black-and oil-free compound without PTFE. The elastomer's high coefficient of friction is largely due to the good elastic and adhesive properties of the EPDM polymer. Fillers in the EPDM rubber with poorer adhesive properties, including carbon black fillers, thus always serve to reduce the coefficient of friction [9] .
The increasing wear rates when PTFE is added may possibly be due to a weakening of the EPDM polymer matrix caused by PTFE agglomerates. The EPDM polymer is very easily rubbed out of the material where these defects occur. The PTFE polymer is itself known to fibrillate very easily, i.e. it can be drawn out into long fibres, because the secondary valence forces are extremely low [10] .
The mixed friction that occurs inhibits any solids lubricating effect that would reduce the adhesive forces. A partial solids lubrication by the PTFE may occur once the PTFE content reaches 40 phr, although this then causes the wear rate to fall again.
coNclusIoNs
The potential for optimising the coefficient of friction with PTFE additives is much lower in EPDM recipes filled with carbon black and plasticiser, as are commonly used in industry, than in test compounds that are free from carbon black and oil. Comparing the compound recipes shows that the changes to tribological properties due to plasticiser and carbon black contents are similar in proportion to those arising from additions of PTFE micro powder. Nevertheless, the trend is generally positive.
The mechanical properties of the compounds containing PTFE micro powder are adversely affected to a significant degree. In the case of application compounds containing carbon black and oil the tensile strength values fall considerably once the PTFE content reaches 10 phr or more, while the material begins to fail at lower elongation values. In carbon black-and oil-free compounds the PTFE powder acts as a reinforcing filler.
A comprehensive cost-effectiveness analysis would be required in order to assess the benefit of the only slight improvements in the coefficient of friction. The higher compound costs arising from the use of the PTFE micro powder limit the practical application of this development. Tried-and-tested alternative methods for improving the coefficient of friction, such as treating seals with a lubricating coating, severely limit the use of PTFE technology.
More extensive tribological wear experiments show that improvements in the wear behaviour are likewise not achievable under mixed friction conditions. In fact the material is destroyed even more quickly than is the case with the PTFE-free compound.
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